Hybridoma cell lines which produced monoclonal antibodies against cholera toxin were isolated. These cell lines were detected with an enzyme-linked immunosorbent assay screening procedure with purified cholera toxin or subunit A of cholera toxin. Seven cell lines were characterized with respect to their reactivity with cholera toxin subunits by Western blot analysis. Five clones produced antibodies which were directed against subunit A, and two clones produced antibodies which reacted with subunit B. These antibodies were also characterized by Western blot analysis for reactivity with the heat-labile enterotoxin produced by porcine and human enterotoxinogenic strains of Escherichia coli. Monoclonal antibodies which reacted with subunit A of cholera toxin also reacted with subunit A of both porcine and human heat-labile enterotoxins. In contrast, monoclonal antibodies to subunit B of cholera toxin did not react with subunit B of the heat-labile enterotoxin. Antibodies directed against subunit B neutralized the biological activity of cholera toxin in vitro in the S49 mouse lymphosarcoma assay. In contrast to polyclonal anti-subunit A antisera, monoclonal anti-subunit A from four of five clones had small but measurable neutralizing capacities in vitro.
Cholera is an intoxication of the small bowel; Vibrio cholerae which has colonized the intestine elaborates an enterotoxin which is responsible for inducing the massive diarrhea characteristic of the disease. The cholera enterotoxin molecule (Mr, 84,000) is an oligomer composed of A and B subunits which are associated through noncovalent interactions (12) . Upon reduction, subunit A (Mr, 30,000) may be separated into an A1 fragment (Mr, 24 ,000) and an A2 fragment (Mr, 6 ,000). The A1 fragment has been shown to be an enzyme with ADP-ribosyl transferase activity (26) . ADP-ribosylation of a eucaryotic membrane-bound guanosine triphosphatase, a regulatory component of adenylate cyclase activity, results in stimulation of cyclase activity (2, 13, 21) . Subsequent increases in cytoplasmic cyclic AMP induce ion flux changes in the intestinal epithelium which result in massive fluid loss (9) . Subunit B (Mr, 56,000) is an aggregate of five identical polypeptides (Mr, 11,500 each) and is responsible for the binding of toxin to its eucaryotic cell receptor, the monosialo-ganglioside, GM1 (16) .
Although the enterotoxin molecule is well characterized, little is known about the synthesis, secretion, and assembly ofthe subunits into holotoxin. We have previously reported immunoprecipitation of potential cholera toxin precursor polypeptides from V. cholerae membrane fractions and from Escherichia coli cell-free translation mixtures programmed with V. cholerae mRNA (22) . These experiments suggested that cholera toxin is synthesized in precursor form on free polysomes in V. cholerae and is translocated to the membrane fraction posttranslationally. To continue our work on the processing, secretion, and assembly of cholera toxin subunits, antibodies with defined reactivity were required. We report here the isolation and characterization of a collection of cell lines producing monoclonal antibodies against cholera enterotoxin subunits.
MATERIALS AND METHODS
Purification of cholera toxin (27) . After two washes in deionized water, unstained SDS-polyacrylamide gels were soaked for 60 min in three changes of Trisglycine transfer buffer. A nitrocellulose-gel "sandwich" was assembled and inserted into an electrophoretic transfer apparatus with the nitrocellulose paper (Schleicher & Schuell, Keene, N.H.) closer to the positive electrode. Proteins were transferred from the polyacrylamide gel to the nitrocellulose paper for 16 h at 100 V. After the transfer, the nitrocellulose sheet closest to the gel was washed for 1 h in at least two changes of 10 mM Tris-0.5 M NaCl-0.1% Brij 58 (TNB) buffer and incubated for 2 h at room temperature with hybridoma supernatant fluids diluted in TNB buffer. The nitrocellulose sheet was washed again for 60 min in at least three changes of TNB buffer, incubated for 1 to 2 h in 20 ml of a 1:5,000 to 1:10,000 on August 14, 2017 by guest http://iai.asm.org/ Downloaded from dilution of peroxidase-conjugated rabbit anti-mouse IgG in TNB buffer, and washed in two changes of TNB buffer. Peroxidase activity was detected colorimetrically by the addition of chromogen solution (0.05 ml of 1% o-dianisidine in methanol and 0.02 ml of 30o hydrogen peroxide were added to 100 ml of 10 mM Tris-0.5 M NaCl). If two sheets of nitrocellulose paper were used in the electrophoretic transfer, the sheet further from the gel was stained for total protein with amido black stain.
Cholera toxin neutralization assays. The ability of monoclonal antibodies to neutralize cholera toxin activity was determined by the S49 lymphosarcoma cell assay (26) . Culture supernatant fluids from each hybridoma cell line were serially diluted twofold in DMEM, and 100-Il samples were added to microtiter plates containing either 100 or 25 pg of cholera toxin per well. The plates were incubated for 60 min at 37°C; 100 ,u1 of S49 cells (6 x 105 to 8 x 105 cells per ml) was then added. Controls included wells with toxin alone, supernatant dilutions alone, and dilutions of U.S. Standard Cholera Antitoxin (Bureau of Biologics, Bethesda, Md.) alone. The phosphodiesterase inhibitor Ro 20-1724/1 (Hoffmann-La Roche Inc., Nutley, N.J.) was added to a final concentration of 5 X 10-5 M, and gentamicin (Schering Corp., Union, N.J.) was added to a final concentration of 50 ,ug/ml. Toxicity assays were read after 96 h of incubation.
Determination of monoclonal IgG concentration. Radial immunodiffusion was used to determine the hybridoma IgG concentration in tissue culture supernatant fluids (8) . Rabbit anti-mouse IgG was diluted 1:100 to 1:1,000 in 1% agarose, tempered to 55°C. Standard concentrations of mouse IgG and samples of diluted and undiluted antibody preparations were added to wells in the agarose. The samples were allowed to diffuse in a humid atmosphere at room temperature for 12 to 24 h; the plates were then dried and stained in Coomassie blue. Hybridoma IgG concentration was determined by comparing the precipitin ring sizes of the mouse IgG standards and of the samples.
IgG typing. The initial screening assay was selected for IgG-producing clones; typing was therefore limited to the four subclasses of IgG (IgGl, IgG2a, IgG2b, and IgG3). Typing was determined by precipitin line formation with murine IgG typing sera.
RESULTS
Detection of hybrid cell lines producing monoclonal antibodies to cholera toxin. Twenty microtiter plates were seeded with mouse myelomaspleen cell fusion mixtures. After 2 weeks of growth, culture supernatant fluid from each well was tested in an ELISA for production of antibodies to cholera toxin. Approximately 300 (15%) of the 2,000 wells that were tested gave positive reactions. After ELISA screening with immobilized subunit A, 40 additional wells were determined to be positive. Ten days later, the wells were again tested for anti-cholera toxin and anti-subunit A activity, and 91 remained positive. Cells from 20 randomly selected positive wells were cloned in soft agar; clones derived from 11 of these gave positive ELISA reactions. Seven clones were stable and were subsequently characterized. The subclass of the monoclonal antibody produced by these clones was determined with IgG typing sera (see below).
Subunit specificity of antibody-producing clones. Although the ELISA proved to be a useful screening technique, its utility in defining subunit specificity of monoclonal antibodies was limited by the need for large quantities of highly purified subunits. Furthermore, we had observed that small amounts of subunit cross contamination gave ambiguous results with the ELISA. To rigorously define the subunit specificity of the monoclonal antibodies, Western blot analysis was used. Electrophoresis of a mixture of heated and unheated SDS-denatured cholera toxin allowed for the resolution of subunit A (Mr, 30,000), pentameric subunit B (Mr, 56,000), and monomers of subunit B (Mr, 11,500 each). After electrophoretic transfer of the subunits to nitrocellulose paper and reaction with hybridoma antibodies, subunit specificity could be clearly assigned. Figure 1 shows the Western blot analysis of two monoclonal antibodies. Lanes A, C, and E contain mixtures of heated and unheated cholera toxin that were electrophoresed in SDS-15% polyacrylamide slab gels and stained with Coomassie blue. Lanes B and D show the Western blot analysis of the antibodies from clones 9E2 and 14E11, respectively. As can be seen, clone 9E2 reacted with subunit B (lane B), and clone 14E11 reacted with subunit A (lane D). Since subunit A can be separated into fragment A1 (Mr, 24,000) and fragment A2 (Mr, 6 ,000) in the presence of a thiol, further polypeptide specificity could be assigned for monoclonal antibodies directed against subunit A. As can be seen in Fig. 1 (lane F) , antibody 14E11 reacted with the Al fragment of cholera toxin. We noted that monoclonal antibodies directed against subunit B appeared to react less intensely with the monomeric form of subunit B (Fig. 1, lane B) . At present, we cannot rule out the possibility that the weak reaction observed with the monomeric form of subunit B resulted from a low level of spontaneous reaggregation to the pentameric form.
Recently, it has been shown that LTp and LTh are structurally and functionally similar to cholera toxin (4, 5, 7, 14) . Moreover, cholera toxin, LTp, and LTh all cross-react immunologically and have been shown to have shared and immunodistinct determinants (3, 4) . We further characterized our collection of cholera toxin monoclonal antibodies with respect to their reactivity against LTp and LTh. Figure 2 (11) . Antitoxin serum has since been obtained from a variety of experimental animals. These sera and serum from convalescent cholera patients contained antibodies to both the A and B subunits of the toxin. However, cholera toxin subunits differ greatly in their ability to elicit an antibody response. Subunit B is highly immunogenic; antisera to it have been easily raised in animals. In marked contrast, antisera to subunit A have been very difficult to prepare. Ohtomo et al. (24) have been successful in producing limited quantities of avid anti-subunit A sera in rabbits by multiple subcutaneous immunizations, followed by absorption with purified subunit B. Finkelstein et al. (10) and van Heyningen (28) have observed that animals experimentally immunized with purified subunit A give rise to antisera that will react with both the A and B subunits. Although these investigators concluded that their subunit A preparations were contaminated with low levels of the highly immunogenic B subunit, Hejtmancik et al. (15) and Our studies on the location of biosynthesis, secretion of subunits, and assembly of holotoxin have relied heavily on the availability of existing antisera. We reasoned that the isolation of hybridoma cell lines producing antibodies to discrete antigenic determinants on the cholera toxin molecule would provide more useful probes for our continued study of toxin biosynthesis and secretion. In addition, monoclonal antibodies would provide probes for an analysis of the antigenic relatedness of the A and B subunits. After fusion of NS1 cells with spleen cells from mice immunized with cholera toxin and highly purified subunit A, hybridoma cell lines producing monoclonal anti-cholera toxin were selected. Characterization of these cell lines revealed that the predominant class of clones produced antibodies to the A1 fragment of subunit A; only two of seven clones produced anti-subunit B. In a preliminary report (Robb et al., in press), we noted the isolation of a hybridoma cell line that appeared to produce antibody directed against both the A and B subunits; however, recloning of this cell line resolved separate clones producing antibodies directed against fragment A1 and subunit B. Even though the number of monoclonal anti-cholera toxins is small, their characterization does not provide support for the hypoth- esis that the A and B subunits of cholera toxin share an antigenic determinant(s). Peterson et al. (25) have reported, without success, an attempt to produce antisera against the A2 fragment of subunit A. To date, we have not detected a hybridoma cell line that produces antibody directed against this fragment of cholera toxin. We are able to partially confirm and extend a conclusion drawn by Peterson et al. (25) that the antigenic determinants on subunit A are masked in the holotoxin molecule. Upon initial screening, we had detected monoclonal anti-subunit A that failed to react with the holotoxin. Unfortunately, all of these hybridoma cell lines were unstable and were lost. In each case, monoclonal anti-subunit A produced by surviving cell lines has been found to react with both holotoxin and purified subunit A. These results suggest that subunit A contains both masked and exposed antigenic determinants on the holotoxin molecule.
Anti-subunit B antisera have clearly been shown to have the capacity to neutralize the biological activity of cholera toxin. Although it has been apparent that polyclonal anti-subunit A serum has little, if any, neutralizing capacity in vitro and in the rabbit skin permeability factor assay (25), Ohtomo et al. (24) 
